We have determined the mode of cleavage of superhelical SV40 DNA (Form I) by restriction endonucleases Ec£RI and Hpall at 37° C. By analysis with agarose gel electrophoresis and direct examination with dark field electron microscopy, we found that a large amount of the single-nicked circular DNA (Form II) was produced before the linear SV40 DNA (Form III) appeared. Thus, both restriction enzymes cleave only one strand of the superhelical DNA first. The second cleavage on the complementary strand occurred after a lag period. The first order rate constant for the second cleavage by EcoRI endonuclease was determined and a kinetic reaction scheme for both enzymes is proposed.
INTRODUCTION --12 3
The restriction endonucleases EcoRI ' ' (from J2 with a limiting amount of the endonuclease should produce only doublestranded linear product (Form III). (2) It is also possible that only one strand is cut first followed by the cleavage of the second strand. In this case, one would expect to find an intermediary form of SV40 DNA in which only one nick is placed on one strand to produce a relaxed circular SV40 DNA (Form II). All three forms of the DNA can be easily distinguished by agarose gel electrophoresis or by electron microscopy. This paper shows that the second possibility is the mode of cleavage of superhelical SV40
DNA by both endonucleases EcoRI and Hpall.
MATERIALS AND METHODS
EcoRI endonuclease was purified according to the method of Greene etâ l., except that an extra step was introduced. An agarose (0.5 M) column chromatography was added between the ammonium sulfate fractionation and hydroxylapatite column. The incubation buffer for the EcoRI endonuclease reaction contained 50 mM Tris-Cl, pH 7.5, 10 mM MgCl, and 100 mM NaCl.
The purified enzyme contained no detectable contaminating doublestrand-specific exonuclease and endonucleases. The contaminating endoclease was assayed by incubating 10 ill of EcoRI endonuclease with 10 ug of 32 uniformly P-labeled SV40 DNA in the EcoRI endonuclease reaction buffer at 32 37° for 4 hours. After denaturation of the P-DNA with 0.1 N NaOH, the mixture was loaded on a 1% agarose gel (20 x 20 cm) and electrophoresed at 40 volts for 6 hours . From examining the radioautogram and by cutting the 32 gel to 0.5 cm wide bands and counting, over 80% of the P counts were found to reside within a 0.5 cm band at a position corresponding to full length linear SV40 DNA. Thus, the EcoRI endonuclease contains little or no contaminating nucleases. If the level of endonuclease contamination found in 4 hours is taken as 20%, it means that in 10 minutes it can make no more than one cut per 100 molecules of SV40 DNA. During the same period of time, more than ten cuts per 100 molecules were made by the EcoRI endonuclease activity.
Hpall endonuclease was purchased from Bio-Lab and was found to be essentially free of the contaminating exonuclease and endonuclease as assayed by the methods described above. The incubation buffer contained 6.6 mM Tris-Cl, pH 7.5, 6.6 mM MgCl. and 6.6 mM 2-mercaptoethanol. Plate I. Agarose gel electrophoresis pattern of SV40 DNA before and after digestion with Hpall endonuclease. The reaction mixture contained 12 yg of SV40 DNA (Form I) and 6 pi of Hpa.II endonuclease in 120 yl of incubation buffer (6.6 mM Tris-Cl, pH 7.5, 6.6 mM MgCl2, 6.6 mM 2-mercaptoethanol). Incubation was carried out at 37°C, and 20 ul samples were taken at 3, 7, 11, 15 and 240 minutes. The reaction was stopped by adjusting to 10 mM EDTA. Approximately 2 ug of undigested SV40 DNA (Form I) was used as standard 1, without incubation. Standard 2 was the same as standard 1 except that it was incubated in the reaction buffer for 240 min. at 37"C (without enzyme). The samples were loaded on 1% agarose slab gel (20 cm x 20 cm) ' containing 1 ug of ethidium bromide per ml and electrophoresed at 50 volts for 6-9 hours until the xylene cyanol FF dye marker migrated 10-14 cm (and the bromophenol blue dye migrated into the lower buffer). were studied in order to determine the precursor-product relationship of 32 7
RESULTS

Mode
Form II and Form III DNA. P-SV40 DNA (Form I) was incubated with limiting amounts of Hpall restriction endonuclease and at ten time points
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Plate 2. Electron microscopic identification of the three forms of SV40 DNA. The aqueous Kieinschmldt technique of Davis ^ al.13 was used, except that the DNA molecules were picked up on a 20-30 A thick carbonaluminum film°>9. A 7.5 x 10"5M uranyl acetate staining solution in 90% ethanol was applied for 3 min. The DNA sample was imaged by tilted beam dark field electron microscopy at a magnification of 24,000x and enlarged to a magnification of 330,000x for measurement. The length of Form II and Form III DNA molecules was measured by tracing the DNA molecules with a cursor and the analog data is digitized and entered into a computer for computation of a mean and a standard deviation". Three bands were visible in each radioautograph of the gel, from each of the time points, as well as from the starting material (no enzyme, no incubation). These bands were cut from the gel, dried in a vial, and counted in a liquid scintillation counter. The percent 32 P counts in each band were calculated. To get the EM data, DNA molecules were examined from each unfractionated sample and the percent of the three forms of SV40 DNA were recorded. The micrographs were recorded at 15,000x and magnified to 150,000x for counting the DNA molecules. independent methods are in excellent agreement as shown in Table 1 .
Electron microscopy confirmed the the identities and quantities of the 
Kinetic Treatment
By using the kinetic data shown in Figure 2 and Table 1 , the following reaction scheme can be applied. To whom correspondence should be sent.
